1 5 ATP11C, a member of P4-ATPase flippase, exclusively translocates phosphatidylserine 1 6 from the outer to the inner leaflets of the plasma membrane, and maintains the 1 7 asymmetric distribution of phosphatidylserine in the living cell. However, the 1 8 mechanisms by which ATP11C translocates phosphatidylserine remain elusive. Here we 1 9 show the crystal structures of a human plasma membrane flippase, ATP11C-CDC50A 2 0 complex, in an outward-open E2P conformation. Two phosphatidylserine molecules are 2 1 in a conduit that continues from the cell surface to the occlusion site in the middle of the 2 2 membrane. Mutations in either of the phosphotidylserine binding sites or along the 2 3
0
Tokyo 113-8510, Japan; 6 CeSPIA Inc., 2-1-1, Otemachi, Chiyoda, Tokyo 100-0004, 1 1 and Drs2p, respectively, and less conserved compared with other parts of the protein 2 2 7 ( Fig. S4 ). However, the hydrophilic and electro-positive nature of this cavity is 2 2 8 essentially the same, at least, for the three flippases whose structures have been 2 2 9 determined. Interestingly, some of mutations in the exoplasmic cavity had differing 2 3 0 effects on the apparent affinities for PtdSer and PtdEtn (Fig. 3D,E ), suggesting that this 2 3 1 region does indeed associates with the transport ligands. This observation is consistent 2 3 2 with a previously reported chimeric study on yeast flippase Dnf1, in which amino acids 2 3 3 in the TM3-4 loop are shown to contribute to the ligand specificity 26 . We also identified another PtdSer at the canonical occlusion site in the middle 2 3 7 of the membrane (Fig 4) , the position of which is close to that of PtdSer occluded in the 2 3 8 ATP8A1 E2-P i transition state. We modeled only a part of PtdSer (phospho-L-serine 2 3 9 moiety) at this position according to the observed electron density (Fig. 4A) , the other 4B), which has been implicated as a gating residue for the phospholipids against the 2 4 6 cytoplasmic inner leaflet 27 , similar to the glutamate residue in the corresponding PEGL 2 4 7 motif of P2-type ATPases 40, 41 . Hydrophobic residue of Val98 (corresponding to Ile115 2 4 8 in ATP8A2) supports the gating residue Val357 on its cytoplasmic side, and these 2 4 9 hydrophobic amino acids form a tight seal as a cytoplasmic gate, which prevents the 2 5 0 penetration of the PtdSer head group to the cytoplasmic side in the outward-facing E2P 2 5 1 state. In fact, mutation of these amino acids severely impaired PtdSer-or 2 5 2
PtdEtn-dependent ATPase activity as well as PtdSer transport activity in the plasma Mutation in the hydrophilic amino acids located at the cytoplasmic side of TM1 2 5 5 (Gln63Ala, Arg66Ala, Asn69Ala (corresponds to Asn220 in yeast flippase Dnf1) 42 ) also 2 5 6 showed reduced V max values for ATPase activity relative to wild-type. These amino 2 5 7 acids may contribute to the rigidity of the cytoplasmic gate, or are actually part of the 2 5 8 conduit for the inner leaflet when the cytoplasmic gate opens. Val357 in ATP11C 2 5 9 corresponds to Ile357 in ATP8A1, Ile364 in ATP8A2 and Ile508 in Drs2p, thus of 2 6 0 almost all the P4-ATPases only ATP11A and ATP11C have a valine residue in this 2 6 1 position (methionine in ATP8B3). In the case of ATP11C, mutation Val357Ile produces 2 6 2 a remarkable reduction in apparent affinity for PtdSer and PtdEtn, while V max is a bit 2 6 3 higher than that of wild-type ( Fig. 4C ). In fact, the transport activity of Val357Ile is 2 6 4 comparable to that of wild-type ( Fig. 4E ). In contrast, the ATPase activities of reduced compared with those of wild-type. Evidently, correct size is important for 2 6 7 gating residue Val357. Mutagenesis studies also reveal the important contribution of the 2 6 8 conserved residues around the occlusion site (Phe72, Asn352) and TM5-6 (Lys880, 2 6 9 Asn881 and Asn912), all alanine mutants showed significant reductions in either V max or 2 7 0 apparent affinity for PtdSer and/or PtdEtn determined through ATPase activity profiles, 2 7 1 and transport activities as well, in good agreement with previous studies of ATP8A2 27, 43 .
Interestingly, Phe343 is not conserved among P4-ATPases, despite its close position to 2 7 3 the phospholipid head group. In other PtdSer-transporting P4-ATPases, including 2 7 4 ATP8A1, ATP8A2 and Drs2p, Phe343 in ATP11C is replaced with asparagine ( Fig. S4 ), 2 7 5 and the hydrophilic residue actually contributes to PtdSer coordination in the ATP8A1 2 7 6 E2-P i structure 31 . The Phe354Asn mutant in ATP11C showed significantly higher 2 7 7 affinity for PtdSer and PtdEtn relative to wild-type while keeping its V max of ATPase 2 7 8 activity and PtdSer transport activity comparable to wild-type level. Therefore, a 2 7 9 1 0 hydrophilic or smaller side chain in this position is favorable for the accommodation of 2 8 0 the aminophospholipid head group in the occlusion site. It can be speculated that mutations Val98Ala, Phe72Ala, Asn881Ala and Asn912Ala increases the apparent 2 8 5 affinity for PtdSer, but lower that for PtdEtn, relative to the wild-type ( Fig. 4D ), 2 8 6 therefore these mutants were able to discriminate PtdSer and PtdEtn. Two PtdSer molecules bound to both ends of the conduit found in the crystal is distinct from other models proposed so far 26, 27, 44 (Fig. 5 ). Translocation of the 2 9 2 phospholipid, either PtdSer or PtdEtn is initiated by its binding to the positively-charged 2 9 3 and hydrophilic cavity composed of the CDC50A exoplasmic domain and the ATP11C 2 9 4 TM3-4 loop ( Fig. 3, Fig. S7 ). The electro-positive and hydrophilic nature of the cavity 2 9 5 likely attracts the head group of the phospholipid from the outer leaflet layer of the 2, Fig. S6 ). Therefore, once the phospholipid head group is incorporated into the 2 9 8 exoplasmic cavity, it may diffuse along the crevice while keeping its hydrocarbon the E2 or E1state, the next step, opens the cytoplasmic gate. A physical pathway from 3 1 7 the occlusion site to the inner leaflet need to be opened. Mutation of amino acid 3 1 8 residues around the cytoplasmic gate largely inhibited phospholipid dependent ATPase 3 1 9 activity ( Fig. 4) . Movement of the TM1-2 helix bundle outwards may be needed for the 3 2 0 phospholipid to move to the cytoplasmic inner leaflet, although this has not yet been
Translocation of the phospholipid across the two leaflets is energetically envisaged translocation mechanism, the most energy-consuming step may be moving 3 2 6 the hydrophilic head group from the outer membrane surface to the transport conduit. In 3 2 7 this step the phospholipid head group needs to disconnects from the polar interactions water molecules, and also needs to change its orientation approximately 90º from a and Technology from JST (JPMJCR14M4, to S.N. and K.A.); Grants-in-Aid for 3 5 0
Scientific Research (S), the Japan New Energy and Industrial Technology Development Correspondence and requests for materials should be addressed to K.A. Human ATP11C (NCBI: XM_005262405.1) 4 was sub-cloned into a hand-made 3 7 3 vector as described previously 13 . Both of the amino terminal 7 amino acids (ΔN7) and Asn190Gln and Ser292Trp double mutation was introduced into the construct to 3 8 0 regulate its glycosylation status (CDC50A_QW). The former mutation is simply aimed Asn294 48 , because these residues appeared to be glycosylated alternatively. The Expi293 cells (Thermo) for 48 h at 31.5 °C as described previously 28, 46 . The harvested Peak fractions were collected and concentrated to 10 mg/ml. See Fig. S1 for the purity tubes in a protein-to-detergent ratio of 0.5 to 2.0, and the mixture was incubated 4 1 0 overnight at 4 °C in a shaker mixer operated at 120 rpm 29 . After removing the insoluble The CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas 4 1 9
(CRISPR-associated) system with pX330 vector (Addgene) was used to edit the 4 2 0
CDC50A gene in HEK293S GnT1-cells as described 4 . The sgRNA sequences for and CDC50A KO cells (Fig. S1) , the crystals show the same space group (P2 1 2 1 2 1 ) and LithoLoop (Fig. S1) . Crystals from CDC-KO cells were too small to collect full data set 4 4 9
from each crystal, and well-diffracted crystal could not be determined from its 4 5 0 1 5 morphology. Therefore, multiple crystals were mounted on a φ1 μm LithoLoop, and the 4 5 1 raster scan was performed to identify well-diffracted crystals. After selecting target 4 5 2 crystals, 10º small-wedge data were collected from each individual crystal (Fig. S1 ).
5 3
Total 1,588 crystals were used for the data collection and some of them were performed 4 5 4 automatic manner by using ZOO system 50 . All the diffraction data from individual 1,588 well-diffracting crystals were processed UCSF Chimera 56 and PYMOL (https://pymol.org). SDS-PAGE in Fig. S1 ) were subjected to an ATPase activity assay as described fluorescence values were determined. The peak values of samples were compared to 4 8 8 that of a fully purified sample used for the crystallization whose protein concentration activities were plotted, and data fitted as described previously 43 to estimate apparent 4 9 2 affinities (K 0.5 ) and V max using PRISM4 software. For all measurements, data were 4 9 3 duplicated at twelve different phospholipid concentrations for a single measurement, 4 9 4
and at least three independent measurements were conducted for each mutant. The K 0.5 4 9 5
and V max values plotted in Fig. 3 and 4 are mean and S.D.s estimated from at least three 4 9 6 independent measurements, and representative ones are shown in Fig. S5 . Note, the 4 9 7
PtdSer-or PtdEtn-dependent specific ATPase activities of ATP11C_cryst-CDC50A_QW 4 9 8
complex were almost the same as those of wild-type. We therefore refer to 4 9 9
ATP11C_cryst-CDC50A_QW as wild-type in the activity assay for simplicity. Olympus), respectively. For the flippase assay, DKO cells and its transformants 5 1 0 expressing wild-type ATP11C or mutants were incubated with 1 μM NBD-PS 5 1 1
(1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-gylcero-3-phosp HBSS containing 5 mg/ml fatty acid-free BSA to extract nonincorporated lipids, and analyzed by FACSCanto II (BD Biosciences). Purified samples were incubated at the indicated temperatures for 10 min in the 5 1 9
presence of 40 mM HEPES, 100 mM NaCl, 2 mM MgCl 2 (free) with 1 mM BeSO 4 , 3 5 2 0 mM NaF (BeF) and/or 0.1 mg/ml DOPS (PtdSer). After incubation, samples were 5 2 1 cooled on ice and denatured aggregates removed using a membrane filter (pore size 0.22 5 2 2 apoptotic phosphatidylserine exposure. Science (80-. ) . 344, 1164-1168 (2014) . Blood 86, 1983 Blood 86, -1991 Blood 86, (1995 . 272, 1495-1497 (1996) . in photoreceptor disc membranes. J. Biol. Chem. 284, 32670-32679 (2009) . representation. Color of the ATP11C gradually changes from the N-terminus (purple) to 6 9 6 the C-terminus (red). CDC50A subunit is shown in grey ribbon, and attached N-linked 6 9 7 glycans were displayed as green sticks. A DOPS molecule (PtdSer) and its hydrophilic 6 9 8 phosphoserine part are shown as spheres in the exoplasmic cavity and the occlusion site 
